Gordonia amarae is a right-angled branching filament belonging to the mycolic acid-containing Actinobacteria which is commonly found in many foaming activated sludge wastewater treatment plants.
Introduction
The presence of thick, viscous foam on activated sludge wastewater treatment plants is a global problem. While the precise bases for foam generation are still unclear, it is clear that bacteria play some role in its formation and stabilisation . In particular, members of the mycolic acid-containing Actinobacteria (the mycolata) are often seen in large numbers in many activated sludge foams. It has been suggested that the presence of mycolic acids probably renders these cells sufficiently hydrophobic to participate in foam formation and stabilisation (Soddell, 1999) . Members of several different bacterial genera occur in foam, all of which share the same right-angled branching morphology of Gordonia amarae (once called Nocardia amarae), which was isolated and characterised from activated sludge foam (Lechevalier and Lechevalier, 1974) .
The general approach has been to microscopically "identify" and describe all these right-angled branched filaments as Gordonia amarae-like organisms (GALO) (Soddell, 1999) . However a more precise identification of these filaments is needed if their role in foaming is to be better understood, since different cultured representatives of GALO show considerable physiological diversity (Soddell, 1999) . Consequently, molecular based identification methods like fluorescence in situ hybridization (FISH) are attractive in allowing the unequivocal identification of these bacteria in situ. 16S rRNA probes have been designed for many of the bacteria found in foams including one which targets most of the mycolata (Davenport et al., 2000) . De los Reyes et al. (1998) designed a 16S rRNA oligonucleotide probe targeting G. amarae and with FISH showed that G. amarae was present in much greater numbers in foams than mixed liquors in the plants examined. Subsequently, Oerther et al. (2001) with FISH and antibody staining indicated that the abundance of G. amarae rRNA and the percentage of G. amarae volatile suspended solids increased 5-fold during a foaming episode. In attempts to find out how G. amarae affects foam formation, their hydrophobicity and ability to form biosurfactants has also been investigated (Blackall and Marshall, 1989; Iwahori et al., 2001) .
In addition to identifying which bacteria are present in activated sludge foams it is important to understand their physiological activity in the system. This information may improve our ability to manipulate activated sludge plants to improve plant performance and reduce foaming. Microautoradiography (MAR) has been applied successfully to environmental samples, including activated sludge to investigate the physiology of bacteria under conditions which mimic in situ conditions (e.g. Andreasen and Nielsen, 1997; Lee et al., 1999) . MAR involves incubating radiolabelled substrates with fresh samples of activated sludge and any uptake of these substrates by bacteria identified by FISH can be determined by the presence of silver granules, which can be visualized after standard photographic procedures, on their surfaces. Using this technique in combination with FISH (FISH-MAR) allows not only the identity of the bacteria in a sample to be determined, but also their metabolic activity within the system.
G. amarae has been isolated as the dominant filament from many Australian foams . While the metabolic properties of pure cultures of G. amarae have been described (Goodfellow et al., 1982) nothing is known about their substrate uptake patterns in situ. We have investigated the in situ substrate uptake of G. amarae from foaming activated sludge plants with FISH-MAR in attempts to understand more about the activity of this organism there. By increasing our understanding of how G. amarae behave in situ it is hoped that this information may allow a suitable control strategy for foams dominated by this organism to be developed.
Material and methods

Activated sludge samples
Activated sludge foam samples were obtained from a wastewater treatment plant at Warrnambool in Victoria, Australia. This plant is a conventional activated sludge plant treating waste from a dairy factory which was foaming at the time of sampling. All samples were collected from the aeration basins of the plant and stored at 4 8C overnight before the incubations were carried out. The suspended solids (SS) of the foam samples from Warrnambool were typically between 14 -24 gSS/L. Samples were first diluted with filtered supernatant from the activated sludge, and then screened for the presence of G. amarae by FISH with the MYC567 (5 0 AGTCTCCCCTGYAGTA3 0 ) (Davenport et al., 2000) and GAM205 (5 0 CATCCCTGACCGCAAAAGC3 0 ) (De los Reyes et al., 1998) 16S rRNA oligonucleotide probes, which target the mycolata and G. amarae respectively. The EUB338 mix probe set (Daims et al., 1999) was used as a positive control. Fixation of samples and FISH were both carried out according to the protocols described by Amann (1995) , except an additional permeabilisation step involving incubating the dehydrated sludge samples with mutanolysin and lysozyme was performed (Beimfohr et al., 1993; Schuppler et al., 1998) .
Incubation conditions for microautoradiographic experiments
Samples of the foam diluted to 1 gSS/L with filtered effluent from the same plant were incubated with a combination of radioactive and non-radioactive acetate, glucose, glycine, glycerol, oleic acid, palmitic acid, cholesterol, estradiol and benzoic acid (Amersham) ( Table 1) . Several hydrophobic substrates were chosen for MAR experiments as it was thought that G. amarae may prefer these to hydrophilic substrates given their hydrophobic cell wall, in addition to the fact that foams are known to contain surfactants and other greasy substances (Soddell, 1999) . Many members of the mycolata have shown increased growth on hydrophobic substrates (Soddell, 1999) . Estradiol was selected as other members of the mycolata (i.e. some Rhodococcus sp.) are reported to degrade several estrogen compounds (Yoshimoto et al., 2004 ). An aromatic compound, benzoic acid was also chosen as Gordonia spp. can degrade a wide range of aromatic compounds (Soddell, 1999) . Several hydrophilic substrates similar to those used in other MAR studies were also selected. All substrates were tested under aerobic, anaerobic and anoxic conditions with both nitrate and nitrite as electron acceptors. Before addition of substrate, anaerobic and anoxic samples were flushed and evacuated with oxygen-free nitrogen and allowed to stand on a rotary shaker for 30 min to ensure total removal of any traces of oxygen. Nitrate and nitrite were added as sodium salts to separate vials to a final concentration of 2 mM. Strict anaerobic techniques were used for the anaerobic and anoxic incubations. Pasteurized sludge samples (70 8C for 10 min) were always incubated in parallel under aerobic conditions as controls to assess adsorption and precipitation events. After addition of substrate all incubations were carried out on a rotary shaker at room temperature for 4 h with glucose, acetate, glycine and glycerol, and 8 h with oleic acid, palmitic acid, cholesterol, estradiol and benzoic acid.
The samples were then fixed in absolute ethanol at 4 8C overnight and then washed 3 times in tap water (each 6 min centrifugation at 3800 £ g) to ensure removal of any nonassimilated radioactive substrate. For more hydrophobic substrates an additional ethanol wash was carried out. The samples were finally resuspended in PBS/ethanol (50/50 v/v). Levels of radioactivity incorporated into the cells were measured using a liquid scintillation counter (Microbeta).
FISH and MAR
For FISH the fixed and washed samples were immobilized on gelatin-coated coverslips and dehydrated in an ethanol series (50%, 80% and 98%). The FISH was carried as described above. Both the GAM205 and EUB338mix probes were applied (details above). After FISH the coverslips were covered by a preheated (43 8C) liquid film emulsion (LM-1; Amersham Biosciences). The MAR coverslips were exposed in the dark at 4 8C with dry silica gel to absorb any condensate, with exposure times of 4-30 days depending on the experiment. Photographic emulsion was developed with Kodak D19 developer (3 min) and after a short wash step in tap water (1 min), fixation was carried out in 30% sodium thiosulphate solution (4 min). The fixed microautoradiographic coverslips were subjected to a final wash in running tap water and then air-dried. Detection of the MAR-positive cells and the fluorescence signals derived from FISH were examined using epifluorescence and bright field microscopy (Nikon eclipse E800). 
Results and discussion
FISH of foam samples
Foam samples from the Warrnambool plant investigated in this study all had FISH positive filaments with typical GALO morphology that fluoresced with the EUB338mix, MYC657 and GAM205 probes. Almost all GALO filaments with positive FISH signals with EUB338mix in the foam samples fluoresced with the GAM205 probe, indicating that the majority of GALO filaments are G. amarae.
Substrate uptake of G. amarae detected by MAR in foams
The MAR results obtained for G. amarae from these foam samples are presented in Table 2 . They show that G. amarae was unable to assimilate glucose, oleic acid and estradiol under any of the incubation conditions tested. On the other hand, glycine ( Figure 1A ) and glycerol ( Figure 1B) were assimilated under all conditions tested. Uptake of acetate and palmitic acid ( Figure 1C ) was also recorded under all incubation conditions, except that G. amarae was unable to assimilate acetate under anoxic conditions with nitrite as electron acceptor and palmitic acid under anoxic conditions with nitrate as the electron acceptor. Cholesterol was assimilated by G. amarae but only under aerobic and to a lesser extent anaerobic conditions. Uptake of benzoic acid ( Figure 1D ) was seen but under anaerobic conditions only. While both hydrophilic (glucose, acetate, glycine, glycerol and benzoic acid) and hydrophobic substrates (oleic and palmitic acid, cholesterol and estradiol) were used, from these data G. amarae does not appear to prefer hydrophobic substrates, unlike M. parvicella, another microorganism commonly found in foams . Andreasen and Nielsen (1998) used MAR to show that of the 12 substrates tested, only oleic acid, palmitic acid and trioleic acid were assimilated by M. parvicella, while none of the simpler substrates (eg. glycine, glucose and acetate) were. They also showed M. parvicella was physiologically active under both anaerobic and anoxic conditions as well as aerobically. Later, Nielsen et al. (2002) hypothesised that its ability to assimilate long chain fatty acids under anaerobic conditions allowed it to compete effectively against other bacteria and that it then used intracellular storage material when oxygen or nitrate became available as electron acceptors. From these FISH-MAR results presented here, G. amarae seems not to behave in the same way even though its cells are considered to be highly hydrophobic (Blackall and Marshall, 1989) . G. amarae can grow well on hydrophobic substrates (e.g. Lemmer and Baumann, 1988; Soddell, 1997) like olive oil, safflower oil, coconut oil, Tween 80, and trioleate as sole carbon source in liquid culture. Soddell (1997) also showed that G. amarae did not grow on either oleic or palmitic acids as sole carbon source after two weeks. In this present MAR study, G. amarae assimilated palmitic acid but not oleic acid. Fats are usually hydrolysed by extracellular lipases before the products are transported into the cell to undergo b-oxidation (Soddell, 1999) . Although the transport of long chain fatty acids across the cell membrane of bacteria is not fully understood, it is known that many cell types appear to show high level, specific and regulated transport of 
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these and specific membrane-bound proteins are thought to participate in the transport of fatty acids across the cell membrane (Di Russo and Black, 1999) . Although most of the work examining fatty acid transport in bacteria has been carried out with E. coli, some evidence exists that specific enzymes involved in the transport process can confer fatty acid chain length specificity (Black et al., 1997) . This may be one explanation for G. amarae assimilating palmitic acid but not oleic acid, as palmitic acid is a C16 saturated fatty acid while oleic acid has a chain length of 18 carbons and is unsaturated. Thus G. amarae seems to show a high selectivity in which hydrophobic substrates it will assimilate in activated sludge foams. Ability to grow on a number of substrates as sole carbon sources was demonstrated for pure cultures of 21 strains of G. amarae by Goodfellow et al. (1982) . Of the 37 different substrates assessed in their pure culture study only three were common to this in situ work. All pure cultures tested grew aerobically on glucose, glycerol and acetate but, in the foam samples examined here G. amarae took up acetate and glycerol aerobically, anaerobically and anoxically, but not glucose under any of the conditions tried. While MAR showed other cells in the samples examined assimilated glucose, the levels of silver grain intensity on these cells were much less than with substrates like acetate. This may be because little glucose is present in these activated sludge samples (S. Crosher pers. comm.) and therefore most bacteria there may not have the metabolic machinery to cope readily with glucose. Rather, they may have functional transport systems for substrates more commonly found there like acetate and glycerol. It is also possible that only when glucose is available as an energy source are the necessary transport mechanisms expressed, which may explain how G. amarae can grow on glucose in pure culture.
Although G. amarae is considered an aerobic organism (Lechevalier and Lechevalier, 1974) , these data suggest it is physiologically active in situ under both anaerobic and anoxic conditions. MAR results (Table 2) , show an uptake of benzoic acid by G. amarae in foam but only under anaerobic conditions. In samples incubated aerobically, many other microorganisms assimilated low concentrations of benzoic acid but G. amarae did not. Blackall et al. (1991) showed in continuous culture that G. amarae could neither grow nor take up acetate under anaerobic or anoxic conditions, and therefore suggested anaerobic and anoxic selectors might be a promising strategy to prevent the growth of G. amarae and hence control foaming. However, in both laboratory-scale and full-scale activated sludge experiments (Pitt and Jenkins, 1990 ) the introduction of anaerobic selectors gave only small and inconsistent G. amarae reductions. The data from this present study might explain why, since G. amarae can take up acetate in foam under all four conditions tested. The MAR data presented here also demonstrate that bacteria behave quite differently in situ than in pure culture and emphasizes that it is not necessarily appropriate to translate pure culture data to complex systems like activated sludge. It would now be useful to carry out in situ physiology studies with other members of the mycolata like Rhodococcus which are also found in activated sludge foams.
